In all eukaryotic organisms, Rab GTPases function as critical regulators of membrane traffic, organelle biogenesis and maturation, and related cellular processes. The numerous Rab proteins have distinctive yet overlapping subcellular distributions throughout the endomembrane system. Intensive investigation has clarified the underlying molecular and structural mechanisms for several ubiquitous Rab proteins that control membrane traffic between tubular-vesicular organelles in the exocytic, endocytic and recycling pathways. In this review, we focus on structural insights that inform our current understanding of the organization of the Rab family as well as the mechanisms for membrane targeting and activation, interaction with effectors, deactivation and specificity determination.
As critical regulators of membrane traffic, Rab GTPases cycle between GTP-bound (active) and GDP-bound (inactive) conformations (1) (2) (3) . Prenylation of C-terminal cysteine motifs anchors Rab GTPases to membranes and is essential for function (4) . Transfer between membranes is mediated through a soluble complex of GDP-bound Rab proteins with RabGDI (GDP dissociation inhibitor) and further facilitated by GDI displacement factors (GDFs) (5, 6) . Following GDP to GTP exchange catalyzed by guanine nucleotide exchange factors (GEFs), Rab GTPases interact with effectors including sorting complexes, motor proteins, tethering factors/complexes and lipid metabolic enzymes (1, 3, 7) . Deactivation through GTP hydrolysis is accelerated by GTPase activating proteins (GAPs) (8) . The spatiotemporal distributions of Rab GTPases depend on GEFs and GAPs as well as effectors (3, 9) . There is also evidence for organization of organelle membranes into overlapping Rab domains with distinct functional properties (1) . The functions of Rab GTPases, as well as other GTPases that regulate membrane traffic (e.g. Arf and Arl GTPases), can be co-ordinated through multivalent effectors with distinct binding domains (7) . In addition, one Rab GTPase can recruit a GEF for a second Rab GTPase that will subsequently replace the first (3). This process is well documented for Rab5-to-Rab7 conversion during endosome maturation (10) .
Over the last several years, our understanding of the structural basis for regulation of membrane traffic by Rab GTPases has expanded considerably. This review highlights structural insights regarding the mechanisms for membrane targeting, regulation of the GTPase cycle, interaction with effectors and specificity determination.
Conserved Molecular Switch Mechanism
As indicated in Figure 1A , Rab proteins possess a characteristic GTPase fold with two 'switch regions' that contact the γ phosphate of GTP and exhibit large conformational differences between the inactive and active states (11, 12 ). An essential Mg 2+ cofactor is required for high affinity nucleotide binding and hydrolysis. Interactions with guanine nucleotides involve mainly residues from five 'G motifs' that are broadly conserved in GTPases (13, 14) . The GxxxxGK(S/T) motif in the 'P-loop' (β1/α1 loop) provides phosphate contacts and supplies a Ser/Thr that is co-ordinated by the Mg 2+ ion. A threonine in switch I contacts the γ phosphate and is co-ordinated by the Mg 2+ ion in the active state. The DxxGQ motif in switch II provides an aspartate that stabilizes the Mg 2+ ion through interaction with a water ligand, a glycine that contacts the γ phosphate, and a glutamine that functions as a catalytic residue for the intrinsic GTP hydrolytic reaction. Partial-loss-of-function variants with altered nucleotide-binding and GTP hydrolytic properties are easily generated by mutation of conserved G motif residues. The two most widely used mutations involve asparagine substitution of the P-loop Ser/Thr (SN or TN mutant) and leucine substitution of the glutamine in the DxxGQ motif (QL mutant). The SN or TN substitution disrupts the Mg 2+ binding site, resulting in greatly reduced affinity for guanine nucleotides. In vitro at low Mg 2+ concentrations, the affinity for GTP is reduced 100-fold without affecting the affinity for GDP, suggesting that the mutants are 'GDP-locked' (15, 16) . The effects in vivo are more complicated, given relatively high cellular www.traffic.dk 1377 Structural similarity and diversity within the Rab family. A) Overall structure of a representative Rab GTPase (Rab3) with functional regions colored as indicated. B) Comparison of inactive GDP-bound Rab GTPase structures after superposition with Rab2. Note that the switch regions are either poorly ordered or adopt ordered conformations as a result of crystal packing. C) Comparison of active GppNHp-bound Rab GTPase structures after superposition with Rab3. Although both switch regions adopt stable active conformations, switch II exhibits large conformational differences between Rab GTPases. All figures were rendered using PyMOL and co-ordinates as indicated in Table 1. concentrations of free Mg 2+ and GTP. In any case, the SN or TN mutant is expected to shift the equilibrium toward the GDP/nucleotide-free states and likely exert dominant negative effects by sequestration of endogenous GEFs due to low GTP affinity.
Phylogeny and Structural Diversity
Encoded by 11 genes in budding yeast and approximately 60 in humans, the Rab family represents the largest and most diverse branch of the GTPase superfamily (42) . The majority can be hierarchically organized into phylogenetic groups (PGs) that contain functionally distinct proteins in addition to subfamilies of highly similar isoforms (43) . Subfamily members tend to be functionally similar if not redundant (although differences in tissue and possibly subcellular distribution might be important), whereas group members typically have partially or completely distinguishable functions. Nevertheless, group members are more likely to function in related processes and have overlapping subcellular distributions than members of different groups.
Crystal structures are available for at least 16 Rab GTPases in the active state and 17 in the inactive state, with one or more structures for seven of the eight PGs. The coverage is sufficient to allow some generalization with respect to conformational switching, characteristic family features, and similarity/diversity within and between PGs (17). In the inactive conformation, the switch regions are disordered or adopt ordered conformations that depend on crystal packing ( Figure 1B ). Both observations support the view that the switch regions are natively unfolded in the GDP-bound state. Conversely, in the active state, the switch regions adopt well-defined conformations ( Figure 1C) , with the exception of Rab21 where switch II remains mobile.
Tertiary structural differences between Rab GTPases are generally small within conserved elements required for nucleotide and Mg 2+ binding but strikingly large in switch II, interswitch and the α3/β5 loop ( Figure 1C ). The active conformation of switch I and, in particular, switch II varies substantially between and even within PGs (17) . For example, Rab4 and Rab11 from PG2 have dissimilar active conformations as do Rab7 and Rab9 from PG7. In PG5, the active conformation of Rab21 is dissimilar to Rab5 and Rab22, which have nearly identical active conformations. Furthermore, the active conformation of Rab4 is more similar to Rab5 and Rab22 than to Rab11. Structural diversity in the active switch conformation may be due in part to non-conservative substitutions within the relatively well conserved switch regions; however, substitutions within the hydrophobic core involving residues proximal to the switch II region likely contribute as well. From an evolutionary perspective, these differences presumably reflect selective pressure to achieve functional specificity.
Membrane Targeting
Membrane targeting requires prenylation and is dependent on two evolutionarily conserved paralogs, Rab escort protein (REP) and RabGDI (5, 44) . REP presents Rab GTPases (Figure 1 
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nascent Rab GTPases to Rab geranyl geranyl transferase (RabGGTase) for addition of one or (in most cases) two 20 carbon prenyl groups and subsequently delivers Rab proteins to membranes (45) . Transfer between membranes is facilitated by RabGDI, which extracts Rab GTPases after GTP hydrolysis (46) , and by GDFs, which catalyze release of Rab GTPases from GDI (47) . Crystallographic studies of RabGDI and REP, alone and in complexes with prenylated Rab GTPases, have delineated common structural features as well as key differences between the two proteins in addition to providing detailed snapshots of the protein-protein and protein-prenyl interfaces (21, 28, 29, (48) (49) (50) . RabGDI and REP share a similar overall architecture with two domains (domains I and II) as compared in Figure 2A ,B. Domain I conserves several features involved in Rab binding, including the 'Rab-binding platform' that interfaces with the switch/interswitch regions, the 'C-terminal binding region' (CBR) that engages an aliphatic-X-aliphatic (AXA) motif present in the otherwise hypervariable C-terminal extension of many Rab proteins, and the 'mobile effector loop' (MEL), which also contacts the C-terminal hypervariable extension. REP engages the α subunit of RabGGTase exclusively through domain II ( Figure 2C ). The ability of REP but not RabGDI to bind RabGGTase reflects two non-conservative substitutions in the REP binding epitope of domain II (27) .
The location of the prenyl group-binding pocket, which is not exposed in the absence of Rab GTPases, was initially suggested to be located under the Rab-binding platform in domain I based on the complex of RabGDI with a di-geranyl geranyl peptide (49) . Curiously, however, subsequent structures of RabGDI and REP in complex with mono-geranyl geranyl Ypt1p and Rab7 revealed a distinct prenyl group pocket in domain II (21, 28, 29, 48) . A similar binding modality is observed in the RabGDI complex with di-geranyl geranyl Ypt1p ( Figure 2D ), except that the first prenyl group inserts into the domain II pocket in a different orientation, while the second covers the first and remains partially exposed (29) . The function of the second pocket in domain I remains unclear; however, it might in principle serve as an intermediate docking site during prenyl group transfer (6) or perhaps as an alternative pocket for a subset of Rab GTPases. The structural observations and interaction analyses suggest a sequential allosteric model for extraction of Rab GTPases from membranes by RabGDI in which docking of the switch/interswitch regions followed by the C-terminal AXA motif exposes the non-polar pocket for prenyl group transfer from the membrane (48). In contrast to RabGDI, which has approximately 3-4 orders of magnitude higher affinity for di-geranyl geranylated versus unprenylated Rab GTPases, REP has high affinity for both (51) (52) (53) (54) . Thus, despite very similar overall tertiary structures, the driving force for binding of REP to prenylated Rab GTPases predominantly reflects the protein-protein interface, allowing REP to facilitate presentation to RabGGTase and subsequent transfer to membranes at the expense of efficient membrane extraction (51). Although both REP and RabGDI have broad Rab specificity, the affinity for Rab GTPases varies (6). These differences evidently contribute to the etiology of choroideremia, a retinopathy linked to a loss of function mutation in the REP-1 isoform. In cells from patients with choroideremia, the majority of Rab27A is unprenylated suggesting that REP-2, which has lower affinity for Rab GTPases than REP-1, cannot compensate for loss of REP-1 function (55). The underprenylation of Rab27A is likely due to weaker affinity for REP-2 compared with other Rab proteins (21) . Finally, it is interesting to note that the known eukaryotic GDFs, PRA1 and the yeast ortholog YIP3, are polytypic integral membrane proteins (47) . Two other integral membrane proteins, YIP4 and YIP5, also bind doubly prenylated Rab GTPases but are not known to catalyze GDI displacement (56, 57) . In depth of discussion related to membrane targeting by REP, GDI and GDF can be found in other reviews (4-6).
Activation by GEFs
Rab GEFs are structurally diverse, ranging in size and complexity from small proteins to large modular proteins and multiprotein complexes. Kinetic and thermodynamic analyses of GEFs for different GTPase families support an allosteric competition mechanism for acceleration of nucleotide exchange, whereby GEFs compete with nucleotides for binding to GTPases (58) (59) (60) . Key intermediates are the nucleotide-free GEF-GTPase complex and the ternary GEF-GTPase-GXP complexes, where GXP is GDP or GTP. GEFs by necessity substantially increase the rate of GDP release, which is rate limiting for the intrinsic exchange reaction at cellular GTP levels. The rate of GTP binding can also be accelerated as illustrated by a recent kinetic analysis of nucleotide exchange catalyzed by the TRAPPI complex (61) . Despite a common underlying reaction mechanism, Rab GEFs exhibit a broad range of catalytic efficiencies and substrate specificities, differ markedly regarding recognition of GDP-versus GTP-bound conformations, and are subject to distinct intramolecular and intermolecular mechanisms for regulation of catalytic output. Structures of the catalytic cores of four Rab GEFs have been determined in complex with target Rab GTPases (Figure 3 ). Discussed below, these studies illustrate the remarkable degree to which Rab GEFs have evolved not only to recognize different Rab substrates but also to facilitate nucleotide exchange through largely unrelated structural mechanisms.
The 17 kDa protein Mss4 and its yeast ortholog Dss4 were among the first Rab GEFs identified (62, 63) . Mss4 has weak exchange activity and an atypical ability to recognize both GDP-and GTP-bound forms of several exocytic Rab GTPases from different PGs, including Rab1/Ypt1p, Rab3, Rab8/Sec4p and Rab10 (30, 64, 65) . As these Rab GTPases have other GEFs with higher catalytic efficiencies, Mss4/Dss4 have been suggested to function in vivo as molecular chaperones for nucleotidefree Rab GTPases (30, 66) . The structure of the nucleotidefree Mss4-Rab8 complex ( Figure 3A) indicates that Mss4 interacts with the N-terminal CDR, switch I and interswitch region, promoting nucleotide release by an indirect mechanism, whereby Mss4-induced rearrangement of switch I causes the α1 helix to unfold (30) .
Compared with Mss4/Dss4p, Sec2p has 100-1000-fold higher exchange activity for Sec4p, and yet the exchange domain in Sec2p is a deceptively simple asymmetric coiled coil. In the structures of nucleotide-free Sec2p-Sec4p complexes (31, 67) , Sec2p engages the switch and interswitch regions of Sec4p ( Figure 3B ). Although Sec2p does not intrude directly into the nucleotide-binding site, comparison with the Sec4p-GDP structure (11) (70) .
Defined by homology with yeast Vps9p, which was identified in a screen for vacuolar protein-sorting defects, the Vps9 domains of eight modular mammalian proteins facilitate nucleotide exchange by a more direct mechanism analogous to the Sec7 domain of Arf GEFs (71, 72) . The Vps9 domain protein Rabex-5 has a catalytic core consisting of a helical bundle (HB)-Vps9 domain tandem with equivalently high exchange activity for the PG5 Rab GTPases Rab5 and Rab21 (72, 73) . In the structure of the Rabex-5 HB-Vps9 tandem in complex with nucleotide-free Rab21 (32), invariant aromatic residues from the switch and interswitch regions of Rab21 dock in a non-polar groove between adjacent helices in the Vps9 domain ( Figure 3C ). An invariant 'aspartate finger', analogous to the 'glutamate finger' in the Sec7 domain, stabilizes the nucleotide-free intermediate by mimicking interactions of the γ phosphate with the invariant P-loop lysine and switch II backbone. Comparison with the structures of the HBVps9 tandem alone and nucleotide-bound forms of Rab21 suggests that the aspartate finger promotes GDP release through disruption of the Mg 2+ binding site. The Vps9 and Sec7 domains also facilitate nucleotide egress by propping switch I in an open/flexible conformation (72, 74, 75) . Finally, in contrast to Mss4/Dss4p, the weak exchange activity of full-length Rabex-5 (65) is not a property of the catalytic core but instead reflects potent autoinhibition by a helical region C-terminal to the Vps9 domain (32).
Transport protein particle I (TRAPPI) activates Ypt1p/Rab1 during COPII-vesicle tethering (76, 77) . Unlike most GEFs, the catalytic core of TRAPPI consists of four proteins with a stoichiometry of two Bet3p to one each of Bet5p, Trs23p and Trs31p (78) . Structures of Bet3p alone and two catalytically inactive subcomplexes of mammalian TRAPPI revealed the overall architecture as well as a common α/β fold shared by the small subunits (78, 79) . Insight into the exchange mechanism was provided by the structure of the yeast TRAPPI catalytic core in complex with nucleotide-free Ypt1p (33) . Residues from Trs23p, Bet5p and the C-terminus of Bet3p engage the β1 strand, switch, interswitch and P-loop regions of Ypt1p ( Figure 3D ). Trs31p interacts with Bet3p and Trs23p but does not contact Ypt1p directly; nevertheless, comparison with the inactive subcomplexes lacking Trs23p revealed a conformational change in Trs23p that propagates to the interface with Ypt1p. Although a glutamate from Bet3p appears to stabilize the nucleotide-free conformation of the P-loop, double alanine substitution of this residue and an adjacent aspartate has a relatively modest (fivefold) effect on the exchange activity. This contrasts with much larger effects for alanine substitution of the aspartate and glutamate fingers in the Vps9 and Sec7 domains (72, 80) . Evidently, other elements account for much of the observed 400-fold acceleration of GDP release by wild-type TRAPPI. Most notably, the C-terminus of one Bet3p subunit intrudes into the nucleotide-binding pocket, suggesting a role in stabilization of the nucleotidefree intermediate and/or acceleration of GDP release through interaction with switch I. Consistent with this hypothesis, deletion of the Bet3p C-terminus reduces exchange by approximately two orders of magnitude. Further discussion of TRAPPI/II complexes can be found in recent reviews (81, 82) .
Deactivation by GAPs
Most known Rab GAPs contain a catalytic TBC (Tre-2, Bub2 and Cdc16) domain (8) . With the exception of Bub2 and Cdc16, which function as GAPs for specialized GTPases in the MEN/SIN pathway, the yeast TBC domain proteins, termed Gyps (GAPs for Ypt/Rab proteins), have GAP activity for one or more yeast Rab GTPases (83) (84) (85) . The most extensively characterized TBC domain protein, Gyp1p, has high activity for the exocytic Rabs Ypt1p and Sec4p as well as the endocytic Rabs Ypt51p and Ypt7p (83, 84) . Gyp1p localizes to the Golgi, negatively regulates Ypt1p and is required for endocytic recycling. Mammalian genomes encode approximately 40 TBC domain proteins with widely varying domain architectures and Rab specificities (34, (86) (87) (88) (89) (90) (91) (92) (93) (94) (95) (96) (97) (98) . The structure of the Gyp1p TBC domain revealed a helical fold with two subdomains arranged such that one surface from each contributes to a distinctive L-shaped groove containing several conserved/exposed residues, including arginine and glutamine residues from the WxxxR, IxxDxxR and YxQ motifs in the N-terminal subdomain (99) . Based on mutational analyses, the IxxDxxR arginine was proposed to function as a catalytic residue analogous to the 'arginine fingers' of Ras and Rho family GAPs (83) . The TBC domains of two mammalian proteins have a similar overall structure with differences in the C-terminal subdomain that likely contribute to Rab specificity (100).
Unexpected insight into the catalytic mechanism was provided by the structure of Gyp1p in a ternary complex with GDP-bound Rab33 and the transition state mimic AlF 3 (34) . Rab33 regulates retrograde Golgi trafficking (101) , is a better Gyp1p substrate than Ypt1p with respect to catalytic efficiency, and forms a relatively stable ternary complex with Gyp1p and AlF 3 (34) . As shown in Figure 4 , the C-terminal subdomain of Gyp1p engages the switch and interswitch regions of Rab33, while the arginine and glutamine residues from the IxxDxxR and YxQ motifs mediate polar interactions with GDP-AlF 3 -H 2 O similar to the contacts mediated by the arginine finger supplied in trans by the GAP and DxxGQ glutamine supplied in cis by the GTPase in the analogous Ras/Rho GAP complexes (34, 102) . Furthermore, the DxxGQ glutamine in Rab33 mediates polar interactions with the TBC domain backbone rather than GDP-AlF 3 -H 2 O. These observations suggest that TBC domains are dual finger GAPs that supply two different catalytic residues in trans, an arginine finger and a glutamine finger. In support of this conclusion, alanine substitution of either finger dramatically decreases k cat with little effect on K m . Conversely, substitution of the DxxGQ glutamine with alanine or leucine substantially increases K m but has a negligible effect on k cat (34) , even though the leucine substitution substantially reduces the intrinsic hydrolytic rate (103) . Thus, the DxxGQ glutamine plays the role of a binding residue in the context of TBC domain-accelerated hydrolysis. Finally, it is interesting to note that RapGAP accelerates Rap GTP hydrolysis in the absence of catalytic arginine or glutamine residues by supplying an 'asparagine thumb' analogous to the glutamine finger in the TBC domain (104) .
Effector-Binding Modalities
In the active state, Rab GTPases interact with diverse effectors to facilitate cargo sorting, couple vesicles or organelles to motor proteins for transport, and establish long range 'tethering' linkages preceding SNARE-mediated fusion (1-3). Apart from small families of homologous Rab-binding domains (RBDs), the various Rab effectors share little sequence similarity. Crystallographic studies of RBDs in complex with Rab GTPases illustrate instances of similarity and divergence at the tertiary structural level ( Figure 5 ). In general, the binding interfaces include the switch/interswitch regions and are either centered on or overlap with a 'hydrophobic triad' of invariant aromatic residues (interswitch phenylalanine and tryptophan and switch II tyrosine) located near the switch/interswitch junction. In the Rabphilin-3A complex with Rab3, the binding interface extends from the switch/interswitch regions to an adjacent pocket formed by the α3/β5 loop and N/C-terminal regions proximal to the GTPase domain (35) . Termed 'complementary determining regions' (CDRs), the α3/β5 loop and N/Ctermini exhibit high sequence variability compared with the switch regions and were proposed to determine the specificity of Rab-effector interactions. Recent structures of Rab27 complexes with the RBDs of Slac2-a/Melanophilin (36) and Slp2-a/Exophilin4 (37) illustrate a similar binding modality for the core helical elements in the RBDs, despite substantial structural variations.
Several effectors for Rab GTPases from different PGs contain RBDs that consist of elaborations on a coiled coil core (17, 19, 38, 40, 41, 105, 106) . These include dyad symmetric parallel coiled coil homodimers with 2:2 Rab:effectorbinding stoichiometries (e.g. Rabaptin-5, GCC185, RILP and FIPs) as well as asymmetric helical hairpin monomers with 1:1 binding stoichiometries (e.g. Rabenosyn-5). In the structures determined to date, the coiled coil cores align either roughly parallel to Rabphilin-3A (GCC185, RILP and FIP3) or are rotated by approximately 45
• (Rabaptin-5 and Rabenosyn-5). In the RILP-Rab7 complex (38) , the binding interface includes the N/C-terminal CDRs and, in this respect, resembles the Rab3/Rab27 effectors (35) (36) (37) . In the Rab5-Rabaptin-5 (19), Rab11-FIP2/FIP3 (41, 105, 106) and Rab6-GCC185 (40) complexes as well as the Rab4 and Rab22 complexes with the central and C-terminal Rabenosyn-5 RBDs (17), the binding interfaces are restricted to the switch and interswitch regions. In the case of GCC185, however, the C-terminal hypervariable region was required for Rab6 binding even though it was not visible in the crystal structure (40) .
A number of Rab effectors contain two or more distinct binding domains for small GTPases including, for example: (i) Rabaptin-5 with N-and C-terminal coiled coil RBDs for Rab4 and Rab5, respectively (107); (ii) Rabenosyn-5 with an N-terminal C 2 H 2 Zn 2+ finger that binds Rab5 in addition to central and C-terminal helical hairpin RBDs that bind Rab4/Rab14 and Rab5/Rab22/Rab24, respectively (17, 108, 109) ; (iii) FIP3 with central and C-terminal binding domains for Arf6 and Rab11, respectively (110); (iv) GCC185 with Rab6 and Rab9 RBDs proximal to a Grip domain that binds Arl1 with low affinity compared with other Grip domains (40) and (v) Rab6IP1, which binds Rab11 in addition to Rab6 (111) . Such multivalent effectors suggest a role in co-ordination or integration of Rab, Arf and/or Arl inputs (7). Interestingly, Rab6 binding to GCC185 synergistically enhances binding of Arl1, whereas Rab9 has the opposite effect (40) . The inhibitory effect of Rab9 is likely due to overlap of the Rab9 RBD with the Grip domain.
The mechanism for Rab6-enhanced binding of Arl1 remains to be determined. In the Rab6 complex with the RUN-PLAT tandem of Rab6IP1, a coiled coil substructure in the RUN domain binds the switch/interswitch regions with a modality similar to the Rab6 RBD of GCC185 (39) .
Finally, although most effectors recognize a largely pre-configured active conformation of the switch regions, a striking exception involves the Rab11 complexes with FIP2 or FIP3 (41, 105, 106) . Here, switch II undergoes a large rearrangement coupled with FIP2/FIP3 binding. More subtle though still significant changes occur in other Rab-effector complexes, including Rab3-Rabphilin-3A, Rab5-Rabaptin-5 and Rab6-Rab6IP1 (19, 35, 39) .
Rab Recognition
As noted above, the interfaces with effectors and regulatory factors generally involve one or more of the residues in the invariant hydrophobic triad and often other conserved switch/interswitch residues. These landmark features comprise a set of general recognition determinants characteristic of the Rab family. Several models have been suggested to explain the specificity of effectors or regulatory factors for particular Rab subsets. One model attributes specificity determination to the CDR regions (35) . Another model identifies five subfamily motifs that tend to be conserved within subfamilies but are otherwise variable as potential determinants of functional specificity (18) . Three of the subfamily motifs overlap with the CDRs. A third model highlights sequence variability within the switch/interswitch regions as a source of specificity (17, 31, 36) . Finally, sequence variability in the protein core could indirectly contribute by influencing the conformation of the switch/interswitch regions (17, 25) .
From an experimental standpoint, Rab specificity determinants are most readily identified by mutational analyses aimed at understanding differences in binding affinities/catalytic activities for structurally similar effectors/regulatory factors or closely related Rab GTPases. For example, Rabex-5 has equivalent catalytic efficiency for Rab5 and Rab21 but 100-fold weaker activity for Rab22 (72) . Compared with Rab5, it appears that the cumulative effect of multiple switch/interswitch substitutions renders Rab22 a poor substrate. This would also be the case for Rab21 if there was not a compensatory switch I substitution that replaces the otherwise invariant glycine with a glutamine. The Gln to Gly substitution in Rab21 decreases catalytic efficiency by approximately 50-fold, whereas the reciprocal Gly to Gln substitution in Rab5 and Rab22 increases catalytic efficiency by approximately 10-fold. The Gly to Gln substitution has the opposite affect (∼100-fold reduction in K D ) on Rab5 binding to . Replacing switch I of Ypt1p with that of Sec4p converts Ypt1p into a substrate for Sec2p, implicating one or more substitutions in switch I as the primary determinants of the specificity of Sec2p for Sec4p as compared with Ypt1p (31). Conversely, the specificity differences for Slac2-a, which selectively binds Rab27, and Rabphilin-3A, which binds both Rab27 and Rab3, are largely due to substitutions in switch II and the N-terminal CDR rather than insertions in the α2/β3 or α3/β5 loops (36).
Qualitative and semi-quantitative interaction profiles provide the information necessary to consider Rab specificity determinants from a family-wide perspective. To a first approximation, Rab GTPases can be grouped into strongly interacting versus weakly or non-interacting subsets. Specificity determinants that are conserved in either the interacting or non-interacting subsets can then be identified by mutational analyses that convert conserved or similar residues in interacting subsets to the consensus residues in non-interacting subsets. Rabex-5, for example, recognizes Rab GTPases in PG5 (Rabs 5, 21 and 22) but exhibits no detectable activity for 29 other Rab proteins (72) . This is due in part to a strict requirement for a small non-acidic residue preceding the invariant phenylalanine at the switch I/interswitch junction. The Rabex-5 Vps9 domain enforces this requirement through a small non-polar pocket that cannot accommodate the consensus aspartate/glutamate in the non-interacting subset (32) . In Rabenosyn-5, an analogous selection against the same consensus aspartate/glutamate is imposed by the C-terminal RBD, which binds selectively to Rabs 5, 22 and 24 (17) . The central RBD, however, uses variations within the helical hairpin core in combination with an N-terminal extension to achieve high selectivity for Rabs 4 and 14. In this case, the N-terminal extension compensates for weaker binding to the helical hairpin core, presumably because of the consensus aspartate/glutamate shared by Rabs 4 and 14.
The interaction with the N-terminal extension requires a glycine residue following the invariant phenylalanine at the switch I/interswitch junction. The glycine packs against a leucine side chain in the N-terminal extension such that substitution of the glycine with alanine as in Rab11 or with the consensus leucine, which is shared by Rabs 5, 22 and 24, abrogates the contribution of the N-terminal extension to the binding affinity.
Conclusions and Future Perspectives
Over the last decade, our appreciation of the molecular and structural underpinnings of Rab-regulated membrane trafficking has matured considerably. Much has been learned regarding the structural basis for membrane targeting, regulation of the GTPase cycle and interaction with effectors. We are also beginning to understand the elaborate selection mechanisms that allow broad recognition by REP and RabGDI while maintaining the capacity for narrow recognition of Rab subfamilies or non-phylogenetic subsets by effectors, GEFs and GAPs. Nevertheless, many important questions remain. One obvious gap relates to the structural mechanisms by which GDFs facilitate release of prenylated Rab GTPases from RabGDI. Another concerns the higher-order organization of the numerous proteins and multiprotein complexes that interact with Rab GTPases and the inter/intramolecular mechanisms that modulate the catalytic output of Rab GEFs and GAPs in response to upstream signals or downstream feedback loops. In addition, there is increasing evidence for direct subversion of host Rab functions by pathogens (112) . In the case of Legionella pneumophila, which replicates within an intracellular ER/Golgi-like vacuole, three of the proteins injected through the Dot/Icm secretion apparatus include a GEF/GDF (DrrA/SidM), a GAP (LepB) and a putative effector/tethering factor (LidA) for Rab1 (113) (114) (115) (116) . The L. pneumophila factors share no sequence homology with host Rab-interacting proteins and unlike known host GDFs, which are polytypic integral membrane proteins, DrrA/SidM is soluble. Consequently, the extent to which pathogenic factors recognize Rab GTPases and manipulate the GTPase cycle through structural mimicry of host proteins remains an open question.
